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Stratospheroids are three-dimensional cellular spheres which develop in vitro through the proliferation and differentiation
f retinal neuroepithelial precursor cells. We investigated synapse formation in stratospheroids by analyzing the
evelopment of aggregates of synapse-associated molecules and of electron microscopically identifiable synaptic special-
zations. Our results show that the first aggregates of the GABAA receptor, the glycine receptor, and gephyrin appear in the
inner plexiform layer after 8 days in culture simultaneously with the development of the first active zones and postsynaptic
densities. In contrast, presynaptic molecules including synaptophysin could be detected in the inner plexiform layer before
synaptogenesis, suggesting functions for these molecules in addition to neurotransmitter exocytosis at mature synapses.
Similar to the retina in vivo, synapses were not found in the nuclear layers of stratospheroids. We also analyzed the isoform
pattern, expression, and distribution of the extracellular matrix molecule agrin, a key regulator during formation,
maintenance, and regeneration of the neuromuscular junction. In stratospheroids, several agrin isoforms were expressed as
highly glycosylated proteins with an apparent molecular weight of approximately 400 kDa, similar to the molecular weight
of agrin in the retina in vivo. The expression specifically of the neuronal isoforms of agrin was concurrent with the onset
of synaptogenesis. Moreover, the neuronal agrin isoforms were exclusively found in the synapse-containing inner plexiform
layer, whereas other agrin isoforms were associated also with the inner limiting membrane and with Mu¨ller glial cells.
These results show that synapse formation is very similar in stratospheroids and in the retina in vivo, and they suggest an
important role for agrin during CNS development. © 1999 Academic PressKey Words: synaptogenesis; retina; extracellular matrix; development; cell culture.
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Synaptogenesis is an essential step in the development of
the central nervous system (CNS), but little is known about
the precise molecular mechanisms underlying the forma-
tion of synaptic specializations. Most of our knowledge
concerning synapse formation is derived from studies of the
neuromuscular junction (NMJ) in vertebrate skeletal
muscle (Hall and Sanes, 1993). Several lines of evidence
suggest that at this particular synapse, the extracellular
matrix molecule agrin is responsible for the formation,
maintenance, and regeneration of the postsynaptic appara-
tus (for review see McMahan, 1990; Ruegg and Bixby, 1998).
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412or example, agrin induces the formation of postsynaptic
pecializations, including aggregates containing the acetyl-
holine receptor (AChR) and other molecules, at neuromus-
ular junctions in vivo and on myotubes in vitro (Nitkin et
l., 1987; Reist et al., 1992; Cohen et al., 1997a; Jones et al.,
996; Meier et al., 1997, 1998). Moreover, targeted inacti-
ation of motoneuron-derived agrin in mice results in the
omplete absence of normal neuromuscular junctions (Gau-
am et al., 1996).
Agrin cDNA clones have been isolated from several
pecies and in all species distinct agrin proteins are gener-
ted by alternative splicing (Ruegg et al., 1992; Tsim et al.,
992; Hoch et al., 1993; Thomas et al., 1993). The various
grin isoforms differ in their tissue distribution and in their
ynaptogenic activity. Only isoforms with a peptide insert
t a position called “B” in chick and “z” in rodents have
ignificant synapse-inducing activities in vitro (Ruegg et al.,
0012-1606/99 $30.00
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413Synaptogenesis and Agrin Expression in Stratospheroids1992; Ferns et al., 1993; Hoch et al., 1993; Gesemann et al.,
995) and in vivo (Cohen et al., 1997a). So far, only neurons
ave been shown to synthesize B/z-insert-containing agrin
soforms (Ruegg and Bixby, 1998). The functions of agrin
soforms lacking a peptide insert at position B/z are not
nown.
While there is little doubt that agrin is a key regulator of
ynaptogenesis at the NMJ, it is unclear what role agrin
lays in the CNS. However, the widespread expression of
ll agrin isoforms in the brain (Hoch et al., 1993; O’Connor
t al., 1994; Ma et al., 1994; Stone and Nicolics, 1995;
ohen et al., 1997b), together with the similarity in struc-
ure and function of the neuromuscular junction with
nterneuronal synapses (Hall and Sanes, 1993), has led to
he hypothesis that agrin might also play a role during
ynapse formation in the developing CNS (McMahan, 1990;
irsch and Kro¨ger, 1996). The complexity of the synaptic
onnectivity pattern, the small size of CNS synapses, and
he lack of appropriate in vitro assay systems, in which
ynapses develop similar to in vivo, have hindered the
nalysis of the molecular mechanisms underlying the for-
ation of interneuronal synapses.
The avian retina is widely used for studying vertebrate
NS development because it consists of only five major
euronal cell types and one glial, the Mu¨ller glial cell, that
re anatomically arranged into six layers. Three of these
ayers contain cell somata: the outer nuclear layer, the
nner nuclear layer (INL), and the ganglion cell layer. These
uclear layers are interleaved with three process-rich lay-
rs: the outer and inner plexiform layers (OPL and IPL,
espectively) and the optic fiber layer. Synapses in the retina
re restricted to the OPL and IPL (Dowling and Boycott,
966), which are readily identifiable at the light micro-
copic level.
In this study, we analyzed the formation of synapses and
he expression of agrin in stratospheroid cultures from
mbryonic chick retina. Stratospheroids are cellular spheres
ith a diameter of approximately 500 mm, which develop in
itro in rotation cultures via the proliferation and differen-
iation of neuroepithelial precursor cells isolated from the
eripheral embryonic day 6 chick retina (Vollmer and
ayer, 1986; Layer and Willbold, 1989). After 14 days in
ulture, all major retinal cell types have differentiated and
re arranged in the correct histotypic architecture. More-
ver, the various retinal cell types have formed nuclear and
lexiform layers similar to those of the in vivo retina (for
review see Layer and Willbold, 1994). Our results show that
the appearance, localization, and ultrastructural morphol-
ogy of synapses in stratospheroids is very similar to that in
the retina in vivo. Moreover, agrin is expressed in strato-
pheroids and the B-insert-containing agrin isoforms appear
oncurrent with synapse formation and are restricted to the
lexiform layers. We also show that Mu¨ller glial cells
xpress agrin in stratospheroid cultures as well as in vivo,
uggesting additional nonsynaptogenic roles for agrin.
hese results indicate that the expression of agrin isoforms
nd the layer-specific synapse formation can develop in
Copyright © 1999 by Academic Press. All rightitro independently of the connection of the retina with the
ptic tectum.
MATERIAL AND METHODS
Animals
Fertile White Leghorn (Gallus gallus domesticus) chicken eggs
were purchased from a local hatchery and incubated at 38°C in a
humid atmosphere. The stage of development was determined
according to criteria defined by Hamburger and Hamilton (1951)
and expressed as embryonic days of development (E).
Preparation of Stratospheroids
Stratospheroid cultures were prepared essentially as described
previously (Vollmer and Layer, 1986; Layer and Willbold, 1989,
1994). Whole eyes from E6 chick embryos were isolated and
dissected free of connective tissue. The lens, the vitreous body, and
other components, such as ciliary muscle and cornea, were re-
moved. The eyes were cut circumferentially along the ora serrata to
separate the tissue into a peripheral part, composed of ciliary
pigment epithelium and undifferentiated neuroepithelium, and a
central part of the eye which at this stage contains neuroepithe-
lium together with a number of already differentiated cells. For the
present experiments only the peripheral part of the retina was used.
The peripheral retinal tissue was collected in F12 medium on
ice. For dissociation the tissue was first incubated in 1 mg/ml
collagenase and 0.3 mg/ml hyaluronidase (Boehringer Mannheim,
Germany) in F12 medium for 7 min at room temperature and
afterward washed once in F12 medium. Then the tissue was gently
dissociated into small tissue fragments with a fire-polished Pasteur
pipette in the presence of 0.05 mg/ml DNase (Worthington/
Technicon, Bad Vilbel, Germany). After three washes in F12
medium, the cells were resuspended in culture medium (10% fetal
calf serum, 2% chicken serum, 1% glutamine, 1% sodium pyru-
vate, 1% penicillin/streptomycin in Dulbecco’s modified Eagle
medium; all additives were purchased from Life Technologies,
Karlsruhe, Germany). Cells were resuspended in 2 ml culture
medium, seeded in a 35-mm petri dish (approximately the equiva-
lent of six eyes per dish), and cultivated on a gyratory shaker (65
rpm) in an incubator (37°C, 5% CO2; Heraeus Instruments, Hanau,
Germany). The culture medium was changed every second day.
Culture time of the stratospheroids is expressed as days in vitro
(div).
Electron Microscopy
Stratospheroids were washed three times in phosphate-buffered
saline (PBS) and fixed in 2% glutaraldehyde in 0.1 M cacodylate
buffer, pH 7.4, for 30 min. The tissue was then postfixed in 1%
OsO4 in cacodylate buffer for 30 min at 4°C, dehydrated in a graded
series of ethanol (30–100%) followed by propylene oxide, and
embedded in Epon 812 (Serva, Heidelberg, Germany). Ultrathin
sections were cut, stained with lead citrate and uranyl acetate, and
examined with a Zeiss EM10 electron microscope.
AntibodiesThe polyclonal rabbit anti-agrin antiserum No. 46 was raised
against the C-terminal part of agrin as described in Kro¨ger et al.
s of reproduction in any form reserved.
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414 Hering and Kro¨ger(1996). The antiserum reacts specifically with all agrin isoforms
(panspecific antiserum; Tsen et al., 1995; Kro¨ger et al., 1996;
Kro¨ger, 1997). For Western blotting and immunocytochemistry,
the antiserum was used at a concentration of 1:60,000 and 1:1000,
respectively. A polyclonal antiserum was generated in sheep
against the 19-amino-acid peptide of the splice site B of the agrin
molecule. This antiserum reacted specifically with the insert-
containing agrin isoforms B11 and B19 (isoform-specific antiserum;
Kro¨ger, 1997). For immunocytochemistry, the affinity-purified an-
tiserum was used at a concentration of 1:50 as described previously
(Kro¨ger, 1997).
The b2 and b3 subunits of the GABAA receptor were identified
ith the monoclonal antibody bd17 (Boehringer Mannheim, Ger-
any; Schoch et al., 1985; Nusser et al., 1995) which was used at
a concentration of 2 mg/ml (Hering and Kro¨ger, 1996). The mono-
lonal antibody mAb4a was used to detect the glycine receptor as
etailed in Hering and Kro¨ger (1996). This antibody recognizes all
lycine receptor a subunits and binds also to the b subunit (Pfeiffer
et al., 1984; Kirsch et al., 1991; Schro¨der et al., 1991). For gephyrin
immunoreactivity the monoclonal antibody mAb5 (Pfeiffer et al.,
1984; Schmitt et al., 1987) was used at a concentration of 1:100. For
vimentin immunoreactivity we used the monoclonal antibody
Vim3B4 (Heid et al., 1988) at a concentration of 1:20, as suggested
y the manufacturer (Boehringer Mannheim). A monoclonal anti-
ody against glutamine synthetase was purchased from Transduc-
ion Laboratories (Dianova, Hamburg, Germany) and used as sug-
ested by the manufacturer. Synaptophysin was detected using the
ommercially available monoclonal antibody SY38 (Boehringer
annheim; Wiedemann and Franke, 1985) at a concentration of 1
mg/ml as described previously (Hering and Kro¨ger, 1996). For
synaptotagmin immunodetection we used the monoclonal anti-
body 1D12 (Takahashi et al., 1991) as detailed elsewhere (Hering
and Kro¨ger, 1996).
Immunocytochemistry
For routine staining experiments stratospheroids were washed
three times in PBS and fixed for 10 min by immersion in 4%
paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, containing
11% sucrose, followed by cryoprotection in 25% sucrose. The short
fixation time was a compromise between optimal tissue preserva-
tion and accessibility of the antigens. In addition, several of the
detected epitopes appeared fixation sensitive. Cryostat sections of
10–14 mm thickness were cut with a microtome, placed on 0.5%
elatin/0.05% chrome alum-coated slides, and subsequently air-
ried. For indirect immunofluorescence, the sections were prein-
ubated with 0.2% bovine serum albumin (BSA), 0.2% Triton
-100 in PBS (PBS/BSA/Triton), followed by overnight incubation
t 4°C with the primary antibody (for double-staining experiments
oth primary antibodies), diluted in the same buffer. For single-
taining experiments carboxymethyl indocyanine-conjugated goat
nti-mouse, goat anti-rabbit, or donkey anti-sheep antibodies (1:
000 in PBS/BSA/Triton; Dianova) were used to detect the primary
ntibody. For double-staining experiments Texas red-conjugated
readsorbed donkey anti-mouse antibodies (1:100 in PBS/BSA/
riton; Dianova) and fluorescein isothiocyanate-conjugated pread-
orbed goat anti-rabbit antibodies (1:100 in PBS/BSA/Triton; Di-
nova) were used. After immunostaining, sections were mounted
n Mowiol (Hoechst, Frankfurt, Germany) and examined using an
xiophot photomicroscope (Zeiss, Oberkochen, Germany). Single-nd double-stained specimens were investigated by using the
ppropriate wedge-corrected fluorescence filter sets. In prepara-
Copyright © 1999 by Academic Press. All rightions stained with only one primary and one secondary antibody,
o signal was detected in the corresponding other channel, indicat-
ng the absence of cross-bleeding of fluorescence. Omission of all
rimary antibodies and staining with only the secondary antibodies
esulted in no specific labeling. The preimmune sera gave no
pecific staining (Kro¨ger et al., 1996; Kro¨ger, 1997). Black and white
hotomicrographs were taken on Kodak TMY400 film.
Analysis of the number of synapses in a particular area of the
NS is difficult, in particular, at the electron microscopic level
Coggeshall and Lekan, 1996). We therefore decided to analyze the
ensity of synaptic specializations at the light microscopic level by
etermining the number of gephyrin puncta in the IPL of the retina
n vivo and of stratospheroids in vitro. The anti-gephyrin antibody
as used, since it was previously shown that gephyrin is exclu-
ively found at synapses in the retina (Sassoe´-Pognetto et al., 1995,
1997; Hering and Kro¨ger, 1996) and since it appeared to give the
most reliable staining. The number of puncta in the IPL labeled by
the anti-gephyrin monoclonal antibody mAb5 in 14 div stratosphe-
roids and E16 retinae was determined as described in principle by
Sassoe´-Pognetto et al. (1994) and by Mann and Kro¨ger (1996). In
short, photographic images of the IPL from retinae or stratosphe-
roids processed in parallel were taken at high magnification using
a 3100 lens and the number of gephyrin puncta per random area
was counted by an uninformed person. Only those puncta that
were in a single plane of focus were scored. At least three different
areas (minimal size 1200 mm2) in the IPL of retinae or stratosphe-
oids from each of three different experiments were analyzed. The
esult was expressed as puncta per 100 mm2 of the IPL.
Gel Electrophoresis and Immunoblotting
For biochemical analysis, stratospheroids after 5 div were col-
lected and washed three times in 0.1 M phosphate buffer, pH 7.4.
To obtain a crude membrane preparation, the tissue was homoge-
nized in homogenization buffer containing 220 mM mannose, 70
mM sucrose, 4 mM Hepes, 1 mM EDTA, and protease inhibitors
(100 mg/ml PMSF, 1 mg/ml pepstatin, 10 mg/ml aprotinin, 1 mg/ml
leupeptin). The homogenate was centrifuged first at low speed
(1000g, 3 min) and then a second centrifugation was performed
with the supernatant at high speed (10,000g, 15 min, 4°C). The
resulting pellet was directly solubilized in buffer containing 10%
sodium dodecyl sulfate and 5% mercaptoethanol and the proteins
were denatured by boiling.
The inner limiting membrane (ILM), a basal lamina which
separates the neural retina from the vitreous humor (Halfter et al.,
1987) and which contains large amounts of agrin (Halfter, 1993;
Kro¨ger and Mann, 1996), was isolated from the retina of E11
embryos as described previously (Halfter and Boxberg, 1993).
For immunoblotting, proteins from stratospheroids and from
isolated basal laminae were separated on 3.5–10% polyacrylamide
gradient gels and electrophoretically transferred to nitrocellulose
filters in a semidry blot apparatus. After transfer, the nitrocellulose
was blocked in 2% polyvinyl pyrrolidone (Sigma, Deisenhofen,
Germany) in PBS for 2 h, incubated with the panspecific anti-agrin
antiserum at 4°C overnight in PBS containing 0.05% Triton X-100
and 0.1% polyvinyl pyrrolidone (washing buffer), and then washed
three times in washing buffer and incubated with the secondary
antibody (peroxidase-conjugated goat anti-rabbit, 1:5.000 in wash-
ing buffer; Dianova). The signal was developed using the enhanced
chemiluminescence system as described by the manufacturer (Am-
ersham, Braunschweig, Germany). Staining of Western blots with
s of reproduction in any form reserved.
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415Synaptogenesis and Agrin Expression in Stratospheroidssimilar concentrations of the preimmune serum did not result in
labeling of specific bands.
RT-PCR Analysis of Agrin mRNA
Total RNA was obtained from stratospheroids after various
cultivation times as described by Chomczynski and Sacchi (1987).
Approximately 5 mg of total RNA was reverse transcribed for 1 h at
37°C using 400 units SuperScript reverse transcriptase (Life Tech-
nologies) in the presence of 0.5 mM random primers and 0.5 mM
ligo(dT) primers, 0.2 mM dNTPs, and 40 units RNasin RNase
nhibitor (Boehringer Mannheim) in a reaction volume of 40 ml.
The polymerase chain reaction was carried out using pairs of
primers specific for only one of the four possible inserts at splice
site B. The primers were as follows: sense primer used for all
reactions, 59-ggt tgg aga gct acg agt gtg-39; antisense B0, 59-gat tgc
aa gcc ttc tcg ctc-39; antisense B8, 59-gat tgc aaa gcc ttc tcg gca-39;
ntisense B11, 59-tag tcc aat gcg tcg gga ctc-39; and antisense B19,
9-tag tcc aat gcg tcg gga gca g-39. The reaction mixtures contained
he following: 50 ng cDNA, 10 mM Tris–HCl, 1.5 mM MgCl2, 0.8
mM dNTPs, 10 pmol each primer, 2.5 units AmpliTaq polymerase
(Perkin Elmer, Langen, Germany) in a total volume of 25 ml. The
NA was amplified in a thermal cycler (Perkin Elmer GeneAmp
400) using 35 cycles (94°C, 30 s; 64°C, 30 s; 72°C, 45 s). Products
ere separated on 4% Tris–borate–EDTA (TBE) agarose gels and
tained in 2.5 mg/ml ethidium bromide in TBE.
RESULTS
Synaptic Specializations Form in the IPL of
Stratospheroids after 8 Days in Vitro
In the presence of retinal pigment epithelium, undiffer-
entiated neuroepithelial precursor cells from the peripheral
retina aggregate, proliferate, and differentiate in culture to
form three-dimensional stratospheroids (Vollmer and
Layer, 1986; Layer and Willbold, 1989, 1994). These strato-
spheroids have a histotypical lamination which is similar to
that of a late embryonic retina in vivo (Figs. 1A and 1B). All
major strata, including the inner and outer plexiform layer,
can be distinguished by light microscopy and have a similar
width and polarity compared to the retina in vivo (compare
Figs. 1A and 1B). We first determined if synapses form in
these stratospheroids during culture, when they form, and
where the synapses are localized. Two criteria were used for
this analysis (Hering and Kro¨ger, 1996): the appearance of
aggregates of synapse-associated molecules and the forma-
tion of morphologically identifiable synaptic specializa-
tions.
Gephyrin is an intracellular tubulin-binding protein
which links glycine and GABA receptors to the cytoskel-
eton (Kirsch et al., 1991, 1993; Essrich et al., 1998). In the
retina, gephyrin is exclusively found at synapses and has
been colocalized with the glycine receptor and the a2
subunit of the GABAA receptor (Greferath et al., 1994;
assoe´-Pognetto et al., 1994, 1995, 1997; Hering and Kro¨ger,
1996). We used antibodies against gephyrin at different
stages of development to determine the appearance of
gephyrin clusters in stratospheroids. Punctate gephyrin
Copyright © 1999 by Academic Press. All rightimmunoreactivity has previously been shown to corre-
spond to a concentration of gephyrin at synapses (see, for
example, Sassoe´-Pognetto et al., 1994, 1995, 1997). The first
weak staining with anti-gephyrin antibodies was detected
in the IPL of 8-day-old stratospheroids (Fig. 2A). Already at
this developmental stage the label was punctate, indicating
a synaptic localization of the antigen. After 12 div, the
intensity of immunoreactivity of the gephyrin puncta in the
IPL increased (Fig. 2C). After 14 div, the puncta were
organized into two major broad bands within the IPL (Fig.
2E), reminiscent of what has been observed in the chick
retina in vivo (Hering and Kro¨ger, 1996). At any time point
examined, immunoreactivity with the anti-gephyrin anti-
FIG. 1. Comparison of the histotypic layering between an E16
chick retina (A) and a stratospheroid after 14 div (B), representing
roughly equivalent stages of development. Sections of both tissues
are shown using Nomarski optics. The various layers are indicated.
Note that the width and the morphology of the different layers are
very similar in the retina and in the stratospheroid. Abbreviations:
ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner
nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.
Bar, 50 mm.body was exclusively found in the inner plexiform layer,
indicating that gephyrin-containing synapses in stratosphe-
s of reproduction in any form reserved.
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416 Hering and Kro¨gerroids are restricted to this layer, as they are in the retina in
FIG. 2. Distribution of gephyrin immunoreactivity in the IPL of
of stratospheroids after 6 (A,B), 8 (C,D), and 14 (E,F) days in vitro
mmunoreactivity was observed in the IPL after 8 days in vitro (A
ecame arranged in two broad bands in the IPL (E). (B, D, and F) Th
ayers. The abbreviations of the layers in the stratospheroid indicavivo.
To analyze if synaptic specializations in stratospheroids
Copyright © 1999 by Academic Press. All rightevelop to an equivalent density as in the retina in vivo, we
spheroids at different stages of development. Transverse sections
stained with the monoclonal antibody mAb5. The first punctate
e intensity of the label increased with time in culture (C,E) and
e sections using Nomarski optics to indicate the different retinal
n F are as described in the legend to Fig. 1. Bar, 50 mm.strato
werequantified the number of gephyrin puncta per area in the
IPL of stratospheroids and of the retina in vivo. In the
s of reproduction in any form reserved.
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417Synaptogenesis and Agrin Expression in Stratospheroidsretinal IPL we determined 14.1 6 0.8 (mean 6 SEM; N 5 3)
ephyrin puncta per 100 mm2. In the IPL of stratospheroids
e detected 12.0 6 1.3 (mean 6 SEM; N 5 3) puncta per 100
mm2. Thus, the density of gephyrin puncta in stratosphe-
oids was approximately 86% of the density in the retina in
ivo, indicating that the number of synaptic specializations
n the IPL of stratospheroids and of the retina in vivo is
omparable.
Analysis of the distribution of the GABAA receptor using
the monoclonal antibody bd17 revealed that the first detect-
able immunoreactivity appeared after 8 div (Fig. 3A). This
immunoreactivity had a punctate distribution and was
restricted to the IPL of stratospheroids (Fig. 3). The inten-
sity of labeling of the IPL became stronger with subsequent
development. Moreover, cell bodies (most likely amacrine
cells) appeared in the INL after 12 div (arrow in Fig. 3C),
similar to the retina in vivo (Hering and Kro¨ger, 1996),
further supporting the similarity of stratospheroids with
the retina. Similar results with respect to the first appear-
ance of the immunoreactivity, the punctate distribution,
and the restriction to the IPL of stratospheroids was ob-
tained using the monoclonal antibody mAb4a directed
against the glycine receptor (data not shown), suggesting
that in stratospheroids the first neurotransmitter receptors
cluster after 8 div and that no postsynaptic specialization
develops outside the plexiform layers.
In the retina in vivo, presynaptic molecules were detected
n the IPL as soon as it formed, even before synaptogenesis
Hering and Kro¨ger, 1996). To analyze, if this is also the case
n stratospheroids, we determined the distribution of syn-
ptophysin at different developmental stages. Immunoreac-
ivity detected with the monoclonal antibody SY38 ap-
eared in the IPL approximately after 4 div and was
rominent after 6 div (Fig. 4A). The synaptophysin immu-
oreactivity was restricted to the IPL at all time points
xamined. The label was punctate and remained apparently
nchanged in the IPL even at later stages (Figs. 4C and 4E).
comparably early appearance of the immunoreactivity in
he IPL was detected with antibodies against synaptotag-
in (not shown), indicating that similar to the retina in
ivo (Hering and Kro¨ger, 1996), presynaptic molecules ap-
ear in the IPL of stratospheroids before postsynaptic mol-
cules are aggregated at synapses.
We next determined whether electron microscopically
dentifiable synaptic specializations appear at the same
ime as the first aggregates of neurotransmitter receptors
nd associated molecules. Figure 5 shows transverse sec-
ions through the IPL of stratospheroids after 6, 8, and 14
ays in vitro. A high density of processes and growth cone
rofiles could be detected in the IPL after 6 div. Despite
umerous close contacts between the neurites, apparent
ynaptic specializations were not found in the IPL at this
tage (asterisks in Figs. 5A1 and 5A2). In contrast, after 8
ays in vitro, neurites in the IPL showed membrane thick-
nings at sites of contact, associated with accumulations of
ynaptic vesicles on the presynaptic side reminiscent of
ctive zones and postsynaptic densities (arrow in Figs. 5B1
Copyright © 1999 by Academic Press. All rightnd 5B2). The number of synaptic vesicles detected at the
resynaptic active zones, however, was low, suggesting that
t this time point, the synapses are still immature. In
ddition, free-floating synaptic ribbons could be observed in
he IPL (arrowhead in Fig. 5B1), indicating the development
f ribbon synapses in stratospheroids. The number of syn-
ptic specializations increased after 14 div and synapses had
atured as indicated by the increased number of synaptic
esicles associated with the membrane thickenings (arrow
n Figs. 5C1 and 5C2) and the presence of more mature
ibbon synapses in the IPL (not shown). Consistent with the
mmunocytochemical analysis, we were not able to detect
orphological synaptic specializations outside the IPL of
tratospheroids at any time point examined.
Taken together, these results show that in stratosphe-
oids synapses begin to form in the IPL after 8 days in vitro,
s indicated by the concurrent appearance of aggregates
ontaining neurotransmitter receptors and associated mol-
cules and of synapse-like ultrastructural specializations.
oreover, synapses have a comparable density in strato-
pheroids and in the retina, and as in the retina in vivo
Dowling and Boycott, 1966; Hering and Kro¨ger, 1996) they
ere not detected in nuclear layers.
Agrin Expression in Stratospheroids
As a first step in analyzing the molecular mechanisms
which might be involved in CNS synaptogenesis, we inves-
tigated the biochemical properties, expression, and distri-
bution of the extracellular matrix molecule agrin in strato-
spheroids. Immunoblots of crude membrane preparations
from 5-day-old stratospheroid cultures showed a broad band
with a molecular weight of .400 kDa (Fig. 6, lane 5d). A
similar broad band was observed in immunoblots from the
ILM of the retina (Fig. 6, lane C) and from other tissues (not
shown). Minor bands migrating at lower molecular weights
probably represent proteolytic fragments generated during
the preparation of the crude membrane fraction (Gesemann
et al., 1995). Similar blots incubated with the preimmune
serum at the same concentration did not reveal any specific
band (not shown). This result shows that agrin is synthe-
sized in stratospheroids as a highly glycosylated protein
with a molecular weight similar to that found in the retina
in vivo.
Neuronal Agrin Isoforms Are Expressed in
Stratospheroids Concurrently with the Onset of
Synapse Formation
To investigate whether different agrin isoforms are
expressed in stratospheroids, we examined the agrin
isoform pattern at different developmental stages using
RT-PCR. Pairs of oligonucleotide primers specific for any
of the four possible splice variants at position B (B0, B8,
B11, B19) were used. We restricted our analysis to splice
site B, because an insert at position B is required for the
AChR aggregation activity of agrin at the NMJ in vivo
s of reproduction in any form reserved.
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418 Hering and Kro¨gerand in vitro (Ruegg et al., 1992; Gesemann et al., 1995;
FIG. 3. Localization of the b2 and b3 subunit of the GABAA recept
eceptor was stained using the monoclonal antibody bd17. After 8
iv, cells in the inner part of the INL were labeled (arrow in C) and
ame area in Nomarski optic is shown in B, D, and F to indicate tCohen et al., 1997a). Figure 7 shows the amplification
products of the PCR reaction on cDNAs from stratosphe-
Copyright © 1999 by Academic Press. All rightroids at different stages of development. In 6-day-old
stratospheroid cultures after 8 (A,B), 12 (C,D), and 14 div (E,F). The
he immunoreactivity was weak and restricted to the IPL. After 12
14 div the immunoreactivity was present throughout the IPL. The
tinal layers. Bar, 50 mm.or in
div, tstratospheroids only mRNA coding for the B0 isoform
could be detected (Fig. 7A). In 8-day-old stratospheroids
s of reproduction in any form reserved.
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FIG. 4. Distribution of synaptophysin immunoreactivity in stra
immunoreactivity appeared as soon as the plexiform layer formed,
of the labeling. The corresponding part of the stratospheroid is show
The abbreviations of the different retinal layers are as specified in(Fig. 7B). This agrin isoform pattern did not change in
10-day-old stratospheroid cultures (Fig. 7C). Thus, the
B
t
Copyright © 1999 by Academic Press. All rightppearance of agrin isoforms with an insert at splice site
heroid cultures after 6 (A), 8 (B), and 14 div (E). Synaptophysin
was never found outside this layer. Note the punctate appearance
omarski optics in B, D, and F to indicate the various retinal layers.
egend to Fig. 1. Bar, 50 mm.tosp
butcorrelates with the development of synaptic specializa-
ions in stratospheroids. Moreover, we were not able to
s of reproduction in any form reserved.
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421Synaptogenesis and Agrin Expression in Stratospheroidsdetect agrin B8 isoforms in stratospheroids at any devel-
opmental stage analyzed, consistent with the results
from the in vivo retina (Kro¨ger et al., 1996).
Agrin Isoforms Are Differentially Distributed in
Stratospheroids
To investigate the distribution of the different agrin
isoforms in stratospheroids, we used two different anti-
agrin antisera. An antiserum that does not discriminate
between the different agrin isoforms (panspecific anti-
serum) was used to show the distribution of all agrin
isoforms (Fig. 8). In a 14-day-old stratospheroid this anti-
serum stained the synapse-containing inner plexiform layer
and in addition strongly labeled the center of the spheroid,
corresponding to the ILM of the in vivo retina (Wolburg et
l., 1991; Fig. 8A).
Agrin immunoreactivity was also associated with ra-
ial cells spanning the entire width of the spheroid
arrows in Figs. 8A, 9B, and 9D). To characterize these
ells in more detail, we performed double-immuno-
abeling experiments with the anti-agrin antiserum (Figs.
B and 9D) and a monoclonal antibody against the
ntermediate filament protein vimentin, which is exclu-
ively expressed by Mu¨ller glial cells in the chick retina
Lemmon and Rieser, 1983; Figs. 9A and 9C). Both
ntigens colocalized to the processes and cell somata of
he radial cells, indicating that Mu¨ller glial cells differ-
ntiate in stratospheroids, that they have the same radial
orphology as in the retina in vivo, and that agrin is
associated with the processes of these cells. Similar
results were obtained by double labeling with antibodies
against agrin and glutamine synthetase (another glia cell
marker), confirming that agrin is associated with Mu¨ller
glial cells (data not shown). Moreover, a colocalization of
agrin and vimentin immunoreactivity was also observed
in the retina in vivo (data not shown), indicating that the
expression of agrin by Mu¨ller cells is not limited to cell
cultures.
A completely different staining pattern was revealed
with an anti-agrin antiserum that specifically recognized
only B insert-containing isoforms (isoform-specific anti-
serum). Consistent with the results of the PCR analysis,
we were not able to detect any staining in stratospheroids
before 8 div. After 8 div, the staining was exclusively
found in the IPL (Fig. 10A). Within the IPL, the label was
punctate, suggesting that agrin might be concentrated at
retinal synapses. In contrast to the panspecific anti-
FIG. 5. Electron microscopic analysis of the IPL of stratospheroids
bserved in the IPL after 6 days in vitro (A1 and A2) despite numer
and B2) membrane thickenings with few associated synaptic vesicle
(arrowhead in B1). The number of synapse-like specializations ha
synapses had matured, as indicated by the larger number of vesicles
magnifications of A1, B1, and C1, respectively. Bar, 1 mm in A1, B1, an
Copyright © 1999 by Academic Press. All rightserum, the isoform-specific antiserum did not label the
ILM or Mu¨ller glial cells (Fig. 10B), indicating an absence
of B-insert-containing isoforms from these structures.
Thus, in stratospheroids functionally different agrin iso-
forms are differentially distributed. Isoforms active in
AChR aggregation appear concurrently with the forma-
tion of synapses and are confined to the synapse-
containing inner plexiform layer, consistent with a pos-
sible involvement of agrin in synaptogenesis. Isoforms
without an insert at position B are, in addition to their
presence in the IPL, localized in synapse-free parts of the
retina and are expressed before synapses form, suggesting
nonsynaptogenic roles for these agrin isoforms in the
developing retina.
FIG. 6. Immunoblot with the panspecific anti-agrin antiserum
of membrane preparations from 5-day-old stratospheroids
(lane 5d) and from basal laminae of E11 retinae (lane C) as
control. The position of standard proteins with the indicated
molecular weights in kilodaltons is shown on the left. A
broad band corresponding to agrin with an apparent molecular
weight of .400 kDa can be detected in both lanes. Minor bands
at lower molecular weight probably are due to proteolytic
degradation of the agrin molecule during the preparation of the
tissue.
ferent stages of development. No synapse-like specializations were
ell–cell contacts (asterisks in A1 and A2). After 8 days in vitro (B1
ows in B1 and B2) and free-floating synaptic ribbons were observed
reased in the IPL of 14-day-old stratospheroids (C1 and C2) andat dif
ous c
s (arr
d incassociated with the active zone (C2). A2, B2, and C2 are higher
d C1; 320 nm in A2, B2, and C2.
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Stratospheroids as an in Vitro System to Study
Synaptogenesis in the CNS
The localized molecular specialization of the pre- and
postsynaptic membrane at synaptic contacts is a prerequi-
site for fast chemical synaptic transmission. However, the
complexity of the CNS has considerably hindered the
detailed analysis of the molecular mechanisms involved in
the formation of these specializations during development.
The well-defined anatomical organization into cell body
and process-containing layers and the presence of synapses
in only the plexiform layers have made the retina a useful
model to study numerous aspects of CNS development,
including synaptogenesis. However, in vivo manipulation
of the developing retina over an extended period of time is
difficult. To overcome these problems, in vitro retinal cell
ulture systems have been established, but most of them
re monolayer or explant cultures which suffer from nu-
erous limitations, including the absence of a correct
tratification; an unknown, unphysiological, or absent syn-
ptic organization; and limited differentiation of particular
ell types (see, for example, Sheffield and Moscona, 1970;
risanti-Combes et al., 1977; Puro et al., 1977; Bird, 1986;
Gleason and Wilson, 1989; Watanabe et al., 1997). In the
present study we analyzed retinal development and synapse
formation in a three-dimensional cell culture system,
termed stratospheroids, prepared from embryonic chick
retina (Vollmer and Layer, 1986, Layer and Willbold, 1989,
FIG. 7. RT-PCR analysis of the agrin isoform pattern in stratosphe
separate reactions using four different pairs of primers (0, 8, 11, and
separated on a 4% agarose gel. The size of standard DNA fragments
the B0 agrin isoform could be detected (A). After 8 days in vitro the i
pattern did not change after 10 div (C) or at later stages of develop
stages.1994). Unlike dissociated cell cultures or organotypic slice
cultures, stratospheroids form as a result of an intense
Copyright © 1999 by Academic Press. All rightphase of proliferation and differentiation. They are three-
dimensional structures which closely resemble retinae in
vivo, with respect to maturation of the tissue, development
of the correct cytoarchitecture, and the differentiation as
well as the localization of specific cell types (Vollmer and
Layer, 1989; Layer and Willbold, 1989, 1994; this study),
thereby allowing the in vitro analysis of most processes of
retinal development.
The Formation of Synapses in Stratospheroids Is
Very Similar to the in vivo Retina
We investigated the formation of synaptic specializations
in developing stratospheroids using light and electron mi-
croscopic techniques and restricted our analysis to the IPL,
because it contains the vast majority of synapses, because it
is the first synapse-containing layer appearing in the devel-
oping retina, and because it contains ribbon as well as
conventional synapses. Using electron microscopy we de-
tected synaptic profiles of conventional synapses, such as
synaptic vesicles associated with active zones, and postsyn-
aptic densities, as well as synaptic ribbons in the IPL after 8
days in vitro, suggesting that the first synaptic specializa-
tions appear at this stage. This is in accordance with
previous reports where synaptic profiles of conventional
synapses were found in the IPL of 14-day-old stratosphe-
roids (Wolburg et al., 1991).
Gephyrin, glycine receptor, and GABAA receptor immu-
noreactivities appear in the IPL of stratospheroids simulta-
neous with the development of the first synaptic profiles. A
s at different stages of development. The cDNAs were amplified in
pecific for each of the four possible variants of the B splice site and
dicated in base pairs on the left. In 6-day-old stratospheroids, only
ms B11 and B19 were expressed in addition to B0 (B). This expression
t. The B8 isoform could not be detected in any of the investigatedroid
19) s
is in
soforsimilar correlation of the first appearance of postsynapti-
cally localized molecules and synaptic structures has been
s of reproduction in any form reserved.
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423Synaptogenesis and Agrin Expression in Stratospheroidsdescribed for the in vivo chick and rat retina (Hering and
ro¨ger, 1996; Sassoe´-Pognetto et al., 1997). This correlation
suggests that the biochemical differentiation of synapses in
stratospheroids resembles that of the in vivo retina and that
the aggregation of postsynaptic molecules is a reliable
indicator for the beginning of synapse formation. Similarly,
at the NMJ one of the first events of synapse formation is
the motoneuron-induced aggregation of AChRs in the
muscle fiber membrane (Steinbach, 1981), suggesting that
the temporal sequence of the various steps during synapse
formation in the CNS and at the neuromuscular junction
may in principle be similar.
In contrast, in stratospheroids and in the retina in vivo,
presynaptic molecules like synaptophysin and synaptotag-
min appeared in the IPL as soon as it formed, before
synaptogenesis (Catsicas et al., 1992; Hering and Kro¨ger,
1996). This suggests that these molecules might have
functions in addition to neurotransmitter exocytosis at
FIG. 8. Distribution of agrin immunoreactivity detected with the
anspecific anti-agrin antiserum in a 14-day-old stratospheroid.
grin immunoreactivity is concentrated in the center of the
pheroid (BL), corresponding to the ILM of the in vivo retina, and in
the IPL (A). Weaker immunoreactivity is found on radial cells in
the INL (arrow in A). In B the same part of the section is shown
using Nomarski optics. The abbreviations of the various layers are
as specified in the legend to Fig. 1. Bar, 50 mm.mature interneuronal synapses. Consistent with this are
the findings that mRNA and protein expression of synap-
Copyright © 1999 by Academic Press. All rightophysin and synaptotagmin is not strictly tied to synapse
ormation in chick forebrain (Lou and Bixby, 1993) and that
rowing axons and growth cones from different regions of
he CNS in vivo and in vitro express synaptophysin (Leclerc
t al., 1989; Bergmann et al., 1991; Phelan and Gordon-
eeks, 1992). The function of both proteins during early
tages of development is unknown. An attractive hypoth-
sis however is that they might be involved in vesicle
xocytosis in growing neurites and contribute to the exo-
ytosis of neurotransmitters by growing neurites, as has
een detected in a number of different neurons (Hume et
l., 1983; Young and Poo, 1983; Gordon-Weeks et al., 1984).
he stratospheroid system (in combination for example
ith clostridial neurotoxins) will greatly facilitate the anal-
sis of the functions of these proteins in the CNS during
arly stages of development.
Agrin Expression in Stratospheroids
Western blot analysis revealed that agrin in stratosphe-
roids is a high molecular weight molecule migrating under
reducing conditions with an apparent molecular weight of
.400 kDa. A similar molecular weight has been reported
for agrin in the CNS in vivo (Halfter, 1993; Gesemann et al.,
1995; Tsen et al., 1995; Mann and Kro¨ger, 1996) as well as
in nonneuronal tissues (Denzer et al., 1995; Gesemann et
al., 1996; Kro¨ger and Mann, 1996; Barber and Lieth, 1997).
The size of agrin could be reduced by heparitinase treat-
ment (Gesemann et al., 1995; Tsen et al., 1995), consistent
with agrin being a heparan sulfate proteoglycan. Our results
therefore indicate that the majority of agrin in stratosphe-
roids is similarly expressed in the fully processed form of a
highly glycosylated heparan sulfate proteoglycan.
Reverse transcription and polymerase chain reaction re-
vealed that three of the four possible splice variants at
position B, namely, B0, B11, and B19, were expressed in
tratospheroids, whereas the B8 agrin isoform was below
etectable levels. This is consistent with previous reports of
he in vivo chick retina, in which B0, B11, and B19 were the
only isoforms detected by RT-PCR and in situ hybridization
(Kro¨ger et al., 1996). Moreover, in stratospheroids the
B-insert-containing isoforms, which are active in AChR
aggregation at the NMJ, appeared initially after 8 days in
vitro. This expression is paralleled by the beginning of
synapse formation. A similar, developmentally regulated
appearance of B-insert-containing isoforms has been de-
scribed for several other parts of the mammalian CNS
(Hoch et al., 1993; Kro¨ger, 1997; Li et al., 1997), suggesting
that B-insert-containing isoforms are more likely to be
involved in synaptogenic events at CNS synapses compared
to B0 isoforms.
While synapses in stratospheroids develop after 8 div, in
the in vivo chick retina the first identifiable synaptic
structures, including active zones, postsynaptic densities,
synaptic vesicles, and ribbons, could be detected in the IPL
at embryonic day 12 (Sheffield and Fishman, 1970; Hughes
and LaVelle, 1974; Hering and Kro¨ger, 1996). Although the
s of reproduction in any form reserved.
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the E6 peripheral retina and, thus, might already be devel-
opmentally advanced, these results indicate that the differ-
entiation of synapses in the IPL of stratospheroids and in
the retina in vivo might have a slightly different timing.
Despite this difference, the expression of B-insert-
containing agrin isoforms as determined by PCR and by
immunocytochemistry is still closely correlated with the
formation of synapses, further supporting a role of B-insert-
containing agrin isoforms during synapse formation.
We did not quantify the relative amounts of the mRNA of
FIG. 9. Distribution of the glia-specific molecule vimentin as reve
y antiserum No. 46 (B,D). C and D are higher magnifications
tratospheroid, agrin and vimentin immunoreactivity colocalized o
idth of the spheroid (arrows in A–D). The abbreviation of the vathe different agrin isoforms, but the agrin B0 isoforms
appeared to be the predominant isoforms expressed in
Copyright © 1999 by Academic Press. All righttratospheroids as determined by PCR as well as immuno-
ytochemistry and Western blotting. Likewise, in the in
ivo retina only between 5 and 10% of all agrin isoforms
ontain an insert at splice site B (Kro¨ger et al., 1996). The
presence of several agrin isoforms in stratospheroids raised
the question of where the different agrin isoforms are
localized, in particular, since in skeletal muscle, a differen-
tial distribution of agrin isoforms has been detected.
Motoneuron-derived agrin, which contains an insert at
position B, is confined to the synaptic region, while muscle-
derived agrin isoforms, without an insert at splice site B, are
by the monoclonal antibody Vim 3B4 (A,C) and of agrin as revealed
e corresponding parts of A and B, respectively. In an 8-day-old
ocesses and cell bodies of Mu¨ller glial cells, which span the entire
layers is as in Fig. 1. Bar, 50 mm in A,B; 20 mm in C,D.aled
of thlocalized in the extrasynaptic region of the same muscle
fiber (Reist et al., 1987; Ruegg et al., 1992; Hoch et al.,
s of reproduction in any form reserved.
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425Synaptogenesis and Agrin Expression in Stratospheroids1993). We therefore investigated the localization of differ-
ent agrin isoforms in stratospheroids using an anti-agrin
antiserum recognizing all agrin isoforms and an antiserum
specific for the B-insert-containing isoforms. The latter
exclusively stained the IPL in a punctate pattern, suggesting
the synaptic localization of agrin. This observation is sup-
ported by the colocalization of agrin with the synapse-
associated molecule gephyrin (Mann and Kro¨ger, 1996) and
by electron microscopic investigations of the in vivo chick
etina revealing agrin immunoreactivity in the synaptic
left of interneuronal synapses (Koulen et al., 1999). The
anspecific antiserum, however, in addition to the IPL,
FIG. 10. Distribution of agrin immunoreactivity detected with
the isoform-specific anti-agrin antiserum. In 8-day-old stratosphe-
roids B-insert-containing agrin immunoreactivity was exclusively
found in the IPL (A). The label was concentrated in discrete puncta
that were evenly distributed within the IPL. No labeling was
detected in the center of the spheroid and on Mu¨ller glial cells in
the INL. In B the same section of the spheroid is shown in
Nomarski optics to reveal the different layers. Abbreviations are as
in the legend to Fig. 1. Bar, 50 mm.ntensely labeled the ILM and Mu¨ller glial cells of strato-
pheroids, indicating that isoforms associated with these
Copyright © 1999 by Academic Press. All rightarts of the spheroids lack an insert at position B. Thus, in
tratospheroids, B-insert-containing and -lacking agrin iso-
orms are differentially distributed.
Double-labeling experiments revealed that agrin is asso-
iated also with Mu¨ller glial cells. Since immunoreactivity
ith the isoform-specific anti-agrin antiserum was not
ssociated with these cells, this immunoreactivity most
ikely represents B0 agrin isoforms. Consistent with this
finding, mRNA coding for B0 agrin isoforms has been
detected in cultured Schwann cells and in nonneuronal
cells of the CNS (Ruegg et al., 1992; Hoch et al., 1993;
Smith and O’Dowd, 1994; Ma et al., 1994; Stone and
Nikolics, 1995; Tsen et al., 1995). The function of the B0
isoforms expressed by glial cells is unknown. In the retina
agrin synthesized by Mu¨ller cells might be secreted at their
endfeet, which are attached to the ILM, so that it becomes
stably incorporated into this basal lamina. ILM-bound agrin
might then contribute to the stability of the radial structure
of Mu¨ller glial cells, for example, by interacting with
a-dystroglycan, a component of the dystrophin-related pro-
tein complex that has been found to bind to agrin (Gese-
mann et al., 1996; Sugiyama et al., 1994) and which is
concentrated in the endfeet of Mu¨ller glial cells (Blank et
al., 1997, 1999; Koulen et al., 1998).
The analysis of hippocampal cultures as well as of the
hippocampus in vivo from mice that lack the neuronal
(B/z-insert-containing) agrin isoforms has revealed no major
changes in the number, localization, and developmental
appearance of synaptic specializations (Serpinskaya et al.,
1999), indicating that the neuronal agrin isoforms are dis-
pensable for synapse formation in the hippocampus. On the
other hand, a number of investigations have suggested a
role for agrin in the developing CNS. For example, agrin is
widely expressed in the CNS, particularly during develop-
ment (Ruegg et al., 1992; Hoch et al., 1993; Ma et al., 1994;
Stone and Nikolics, 1995). The expression of agrin mRNA
is influenced by processes which induce synapse formation
or remodeling, including seizures (O’Connor et al., 1995) or
axotomy (Thomas et al., 1995). Moreover, neuronal agrin
soforms selectively induce CREB phosphorylation in pri-
ary cultures of hippocampal neurons (Ji et al., 1998). Our
tudy showing the appearance of the neuronal agrin iso-
orms in stratospheroids at the time when synapses start to
orm and the concentration of B-insert-containing agrin
soforms in the plexiform layers of stratospheroids is in
greement with a role for agrin in synaptogenesis. However,
he presence of agrin in nonsynaptic regions, including the
nner limiting membrane, also suggests additional roles for
0 agrin isoforms in the retina.
Since stratospheroids express agrin in an isoform pattern
nd in a distribution which is very similar to that in the in
ivo retina, they provide an excellent model system to
urther investigate agrin’s involvement in synaptogenesis
s well as in nonsynaptogenic events. Moreover, stratosphe-
oids will serve as a useful in vitro system to manipulateagrin’s function or expression in situ over an extended
period of time, for example, by antibodies or oligonucleo-
s of reproduction in any form reserved.
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426 Hering and Kro¨gertides. In addition, the similarity of synaptogenesis between
the retina and stratospheroids permits the analysis of other
factors involved in synapse formation and CNS develop-
ment, including synaptic activity, where conflicting results
have been reported with respect to its role in neurotrans-
mitter receptor clustering at GABAergic, glutamatergic,
and glycinergic synapses (for review see Craig, 1998).
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